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Improved gas barrier properties of composites based on ionic liquid integrated graphene nanoplatelets and bromobutyl rubber 
Translated by P. Curtis In this work, rubber composites based on bromobutyl rubber (BIIR) and ionic liquid (IL) integrated graphene nanoplatelets (GnPs) were prepared by a melt mixing technique. The IL helps to delaminate the GnP particles in the rubber matrix. The elastomeric material thus obtained shows a considerable improvement in gas barrier properties. Addition of 5 phr GnPs reduces the gas transmission rate by about 64%. Transmission electron microscopy shows better dispersion of the GnP sheets in BIIR-GnP-IL composites compared with BIIR-GnP. Wideangle X-ray scattering experiments indicate the presence of fewer stacked GnP sheets in the BIIR-GnP composite.

IntroductIon
The development of reinforcing fillers for commercially successful rubber products represented an important milestone in the history of rubber science and technology. The main focus of composites research was to improve the mechanical properties of elastomeric materials [1, 2] . Barrier properties were, in most cases, neglected. However, gas impermeability is a key characteristic of rubber used to manufacture tyre inner liners and tubes. It is generally assumed that an improvement in mechanical properties will automatically lead to improvements in other physical properties, but this is not necessarily the case for barrier properties. Exfoliation and dispersion play a part in these properties, but barrier filler defects and orientation in the elastomer matrix must also be considered. To improve the gas barrier properties of an elastomer matrix, therefore, impermeable fillers have to be incorporated and these must be uniformly distributed and in the correct orientation. Among the many additives that have been used to improve the gas impermeability of an elastomer, the best known include graphite [3] , phyllosilicates [4] and graphene [5] . Of these fillers, graphene is one of the most promising materials because of its large aspect ratio, excellent mechanical properties and low permeability. Now, in order to improve the gas barrier properties of an elastomer matrix, careful incorporation of the graphene flakes is needed but, because of the strong van der Waals forces between the graphene layers, it is very difficult to distribute untreated graphene nanoplatelets (GnPs) homogeneously in an elastomer matrix. Agglomerated GnPs in an elastomer matrix lead to the formation of weak, highly permeable elastomer composites. To solve this problem, many researchers have turned to numerous methods, such as exfoliation of graphene nanoplatelets and improvements in processing [6, 7] . Up to the present, though, no significant improvement in permeation behaviour has been found -probably because of inadequate dispersion of the nanofillers.
It has been reported, however, that graphite reduces gas permeability in bromobutyl rubber thanks to its layered structure and impermeable nature [3] . Saritha et al. [8] produced chlorobutyl rubber nanocomposites with modified Cloisite, documenting the mechanical and thermal properties as well as the gas permeability. An excellent coating with high resistance to gas permeation can be obtained from a nanocomposite material comprising exfoliated vermiculite and butyl rubber [9] . A novel composite material made of ionic liquid modified clay and rubber, which had significantly reduced gas permeability and improved cure properties, was developed by Wang et al. [4] . Lechtenboehmer/ Goodyear hold a patent [10] for a rubber compound with exfoliated graphite for pneumatic tyres, which is characterised by low gas permeability and improved mechanical properties. A patent for a GnP/BIIR nanocomposite with reduced permeation, held by Wenig et al./Exxon [5] , has existed for several years, the inventors claiming the suitability of the material for use as a gas barrier in tyre inner liners or inner tubes. This shows that there is currently a significant surge in the use of rubber nanocomposites to improve gas barrier properties in the development of technical materials. Nevertheless, results for the barrier properties of BIIR composites are still inadequate because of reaggregation of GnPs. Ionic liquids can prevent this type of reaggregation by exfoliating GnPs by means of cation-π interaction, at the same time helping to make the particles compatible with the elastomer matrix. However, there has been very little research into the advantageous properties of ionic liquid in terms of the production of graphene/elastomer composites. This paper reports on composites of GNPs exfoliated with 1-allyl-3-methyl imidazolium chloride (IL) and bromobutyl rubber, utilising the property of the IL to increase compatibility between GnPs and BIIR and thus to reduce gas permeability significantly. On the one hand, IL reduces the mechanical strength of the rubber material (the elongation at break increases) because of it plasticising effect, but on the other hand it helps to increase mechanical strength by enhancing the exfoliation and dispersion of the GnPs. The mechanical strength of the composite material with a specific IL concentration is therefore almost on a par with that of pure BIIR, while elongation at break is improved. This was achieved with our test composite BIIR-5GnP-10IL, for example. The aim of our study was to reduce gas permeability while largely maintaining the mechanical properties of pure BIIR. BIIR was selected because of its excellent gas impermeability and its good co-curing properties. Improved gas barrier properties in BIIR may give it the potential to be used for tyre inner liners, inner tubes and other valuable barrier materials.
ExpErImEntal
Materials
Bromobutyl X2 and graphene nanoplatelets (xGnPs) were obtained from Lanxess and XG Science respectively. The ionic liquid 1-allyl-3-methyl imidazolium chloride (IoLiTec, MW 158.63) and stearic acid (Fischer Scientific) were used as received. Magnesium oxide, zinc oxide and the sulphur compound MBTS (dibenzothiazyl disulphide, Lanxess) for this study came from Acros Organics and were used without further purification.
Compound production
The compounds were produced in a two-step process. In the first step, the elastomer, filler and processing aids were mixed in a Haake Rheocord laboratory mixer (R600 Banbury rotor, 80 cm 3 effective volume, filling factor 0.7). MgO, stearic acid and GnPs/GnPs-IL were added to the mixer consecutively in this step. The total mixing cycle lasted 10 minutes with a rotor speed of 70 min -1 and a mixing temperature of 70°C. Before the second mixing step, the batch from the first step was stored for 24 h. The curing agent and accelerators were incorporated in the second step for 4 min at 70°C and 100 min -1 and then the finished compound was sheeted out on a Polymix 110 L laboratory roll mill at 40°C. An RPA (Scarabaeus SIS V50) was used to measure the curing behaviour, with test parameters of 1.67 Hz and 160°C. The recorded cure curves were used to calculate the cure time (t 90 ) in each case. The 1 mm thick test sheets needed for the tests were cured in a vacuum press for t 90 + 1 min at 160°C to avoid any entrapped air. Discs measuring 65 mm in diameter were cut out of the test sheets for the gas permeability measurements. Mechanical tests were performed on 2 mm thick samples with a cure time of t 90 + 2 min. The sample nomenclature and associated sample composition are shown in Table 1 . Characterisation X-ray diffraction analysis of the samples was performed using an XRD 3003 T/T two-circle X-ray diffractometer (GE Inspection Technologies, Seifert-FPM, Freiburg, Germany) with Cu-Kα radiation (λ = 0.154 nm) -generated at 30 mA and 40 kV -in the range of 2 θ = 1 to 10° with a step width of 0.05°. To examine the composites by transmission electron microscopy, a JEM 2010 TEM was used with an acceleration voltage of 100 kV. The ultra-thin sections (thickness 100 nm) of the nanocomposites for TEM analysis were prepared using an ultramicrotome (Leica Ultracut UCT) at -120°C. The dynamic-mechanical/thermal properties of the rubber samples were determined using a DMTA (Gabo Eplexor 2000 N). Temperature and strain sweeps were measured with a Gabo Eplexor 2000 N at 1 Hz, 0.5% strain, between -100°C and 100°C at a rate of heating of 2°C/min. The strain sweeps took place on the same instrument with an amplitude of 0.1 to 20% and a frequency of 10 Hz at a temperature of 20°C. Tensile samples were stamped out of the test sheets and the tests were performed in accordance with ASTM D412-98 on a universal testing machine (Zwicki Z2.5) with a traverse speed of 200 mm/min at a temperature of 25°C. Nitrogen permeation was measured in accordance with ASTM D1434-82 on 1 mm thick rubber discs. The test instrument used was a compact GDP-C (Brugger Feinmechanik). The rate of gas transport (nitrogen) in the steady state through a thin elastomer film at room temperature (20°C) was determined by the differential pressure method. The gas transmission rate (GTR) was measured in cm 3 /(m 2 ×day) at 1 bar.
rEsults and dIscussIon
Cure behaviour
The cure data for pure BIIR and its nanocomposites with GnPs are compiled in Table 2 . It can be seen that the BIIR-GnP samples have more of a tendency to scorch, since there is a marked decrease in the scorch time t 2 . The optimum cure time for the BIIR-GnP compounds also decreases compared with unfilled BIIR-0. It may therefore be assumed that the BIIR-GnP compounds can be fully cured in a shorter time than the unfilled compound. The cure rate index (CRI) for GnP-filled rubber has increased compared with unfilled rubber. The maximum rheometer torque of the BIIR-GnP samples has also increased relative to the unfilled sample, which may be attributable to the hydrodynamic reinforcing effect of the GnPs. The GnP-BIIR composites with ionic liquid were prepared with a constant GnP concentration by varying the concentration of ionic liquid. The cure parameters reflect the plasticising effect (low torque) and the alkaline nature (lower scorch time) of the ionic liquid. The data for the optimum cure time (t 90 ) show that the samples containing ionic liquid need a longer cure time. The ionic liquid therefore makes the compound "scorchy" and leads to a reduction in cure rate. GnP-BIIR composites with ionic liquid therefore have a lower CRI than unfilled rubber. This observation clearly shows that the IL inhibits the curing reaction.
Dispersion
In order to understand the dispersion characteristics of GnPs in the BIIR matrix, a WAXS (wide angle X-ray scattering) investigation was carried out. The results can be seen in Figure 1 , which clearly shows that untreated graphite has a characteristic sharp diffraction peak on the crystal lattice at 2θ = 26°. The BIIR composites with GnPs display the same type of diffraction peak but with low intensity, indicating the existence of few GnP layers in the BIIR matrix.
TEM images were prepared to assess the dispersing behaviour of the GnP flakes in the rubber matrix ( Figure 2) . 
Mechanical properties
The stress-strain curves of various samples can be seen in Figure 3a , showing an improvement in the tensile strength and tensile modulus of the composite without IL compared with unfilled rubber. Pure BIIR has a tensile strength of 7 MPa and an elongation at break of 907%.
In the BIIR-5GnP composite, the tensile strength rises to 9.85 MPa and the elongation at break falls to 871%. The clear transfer of load from BIIR to graphene due to the interaction between the π electron cloud of the GnPs and the polar BIIR matrix causes a significant improvement in the mechanical properties [11, 12] . Mechanical behaviour of this type has already been observed in traditional nanocomposite systems [13, 14] , where the incorporation of nanoparticles into the rubber matrix brings about an improvement in tensile strength and a reduction in elongation at break. Although exfoliation by ionic liquid increases the reinforcing action of GnP flakes (incorporation of nanoparticles) in the rubber matrix, this system displays mechanical property tendencies that are completely different from those of conventional polymer/nanocomposites. In fact, the mechanical properties of the nanocomposites containing ionic liquid are determined by two distinct factors: on the one hand the dispersing effect of the ionic liquid and on the other hand its plasticising effect. Nano-reinforcement helps to improve stiffness, which in turn increases tensile strength and reduces elongation at break [15] . However, the plasticising ability of the ionic liquid reduces the stiffness of the elastomer materials, which reduces tensile strength and at the same time increases elongation at break [16] . BIIR-5GnP-5IL therefore shows a reduction in tensile strength from 7 MPa to 5.1 MPa and an increase in elongation at break from 907% to 975%. BIIR-5GnP-10IL displays a significant improvement in both tensile strength and elongation at break compared with BIIR-5GnP-5IL. The increased elongation at break may be explained by the increase in the plasticiser effect linked with the higher concentration of ionic liquid. Because of the higher ionic liquid content, there is greater delamination of the GnP flakes in BIIR-5GnP-10IL than in BIIR-5GnP-5IL. Increased tensile strength was also observed, resulting from the better reinforcement capacity of the delaminated GnPs in BIIR-5GnP-10IL compared with BIIR-5GnP-5IL. With a further increase in ionic liquid concentration, its plasticising effect comes to the fore over the reinforcing effect of the nanoparticles. In the nanocomposite BIIR5GnP-15IL, therefore, a reduction in tensile strength was observed compared with BIIR-5GnP-10IL.
Thermal ageing
To test the thermal ageing, samples of unfilled BIIR, BIIR-GnP composites and BIIR-GnP-IL composites were stored at 100°C for 72 hours. Changes in properties were compiled in Table 3 for modulus at 300% strain, tensile strength and elongation at break of the thermally aged samples. Table 3 shows a significant increase in modulus at 300% strain for BIIR-5GnP compared with unfilled BIIR, which may be attributable to the conversion of polysulphidic to monosulphidic bonds. The thermal crosslinking reaction may also provide an explanation for this effect [17] . It can also be seen from Table 3 that samples with ionic liquid have a lower modulus value at 300% strain than samples without ionic liquid. The presence of IL has a noticeable effect on the ageing properties of rubber nanocomposites. The content of 5 phr IL in the nanocomposite has a positive effect on the modulus and keeps the properties at a reasonable level after ageing. A further increase in the quantity of IL to 15 phr resulted in a significant increase in the modulus values compared with low IL contents.
Dynamic-mechanical properties
The results of the dynamic strain sweep analysis of the samples can be taken from Figure 3b . All the filled samples have a storage modulus which is dependent on the strain amplitude and these dependencies become even clearer as the IL content increases. However, this effect is not found in unfilled rubber. This dynamic behaviour of the elastomer can be explained by taking the theory of the filler-filler network into account. Under relatively high load, the filler-filler network breaks down and a steep fall in modulus values is observed. In the present case, the delaminated GnP platelets form a type of local filler-filler network, which reacts as described above in the dynamic strain sweep experiment.
To investigate the interaction between filler and polymer, a dynamic-mechanical investigation of the samples was conducted (Figure 4) . It is clear from Figure 4a that the storage modulus rises slowly in the rubbery range as the filler content increases. This indicates the reinforcing nature of the GnPs, which may in turn be attributable to the good interaction between polymer and filler in the presence of IL. Figure 4b shows the tan δ values of the BIIR-GnP-IL nanocomposites as a function of temperature. With increasing GnP content there is a considerable decrease in the height of the tan δ peak. This could be explained by the good interfacial interaction between BIIR and the GnPs that have been exfoliated with ionic liquid.
Gas barrier properties
Incompatibility at the composite interface could lead to microvoids or regions with a high free-volume content. This, in turn, would lead to greater permeation through the materials as a function of the filler volume fraction, whereas there could be further improvement in the mechanical properties based on the initial characteristics of the nanofillers. This is why it is very important to track down the different factors influencing the barrier effect of these nanocomposites. It is equally important to understand the mechanisms that lead to the development of permeation resistance in the various polymer systems. An instrument for determining gas permeability measures the rate of gas transport through a thin elastomer film in the steady state, following the manometer principle (constant-volume method). When the desired vacuum is achieved, the lower test chamber is closed and the test gas is fed into the upper chamber (high-pressure chamber) until a predetermined pressure is reached. The differential pressure on the sample then has to be kept constant. Because of the pressure gradient, the test gas permeates from the side with higher pressure to the side with lower pressure. The rate of nitrogen permeation was determined for unfilled BIIR and the Table 3 . Changes in properties of unfilled BIIR, BIIR-GnP and BIIR-GnP-IL composites after 72 h ageing at 100°C various nanocomposites with and without IL. The GTR values are presented in the form of a bar diagram in Figure 5 . This figure shows that unfilled BIIR has a GTR value of 17.01 cm 3 /(m 2 ×day). It can also be seen that the GTR value falls when GnPs are incorporated into the BIIR matrix. For BIIR-5GnP it was 9.9 cm 3 /(m 2 ×day). An improvement in the mechanical properties of unfilled rubber was recorded with the GnPs and the composite's gas barrier properties improved by as much as 40%. Structural and morphological investigations indicate that relatively thick GnP flakes are indeed dispersed homogeneously in the rubber matrix but they provide a fairly small aspect ratio. This explains why the gas barrier properties can be improved still further by adding IL. Ionic liquid was used to prepare rubber compounds with delaminated GnPs.
Rubber parts always contain pores or voids, which lead to high gas permeability. Various impermeable fillers have therefore been tested in rubber matrices to produce a tortuous path for the passage of gas, thus reducing gas permeation [18] [19] [20] . However, this does not remove the voids that lead to the high gas permeability. GnPs have a two-dimensional, lamellar structure with strong π conjugation between the carbon bonds. In addition, the intensity of the electron cloud at their surface is very high, which means that any molecule attempting to penetrate the surface is repelled. For this reason, GnPs are effective barrier materials. Both theoretical and experimental studies show that graphene presents a complete barrier to all molecules, even very small ones such as hydrogen and helium [18, 21] . Incorporating GnPs into a BIIR matrix therefore reduces GTR values. Like other impermeable fillers which increase the length of the diffusion path for gas molecules, the GnPs in the BIIR matrix generate a tortuous path. Thus, the barrier properties of BIIR-GnP composites are improved compared with unfilled BIIR. The barrier properties of the polymer/nanocomposites depend on a number of factors, such as compatibility, aspect ratio (exfoliation), orientation and defects in the filler particles [22] . At higher concentrations (greater than 2 phr), the GnP flakes are generally oriented along the surface of the elastomer sheets [13] .
In contrast to the graphite derivatives (GO, graphite oxide, or RGO, reduced graphite oxide), GnPs do not have any functional groups on their surface and therefore they have fewer defects than GO or RGO. This means that they should be highly suitable for use as a barrier filler [23] . The main problems are related to compatibility and exfoliation of GnP flakes in the BIIR matrix. GnPs exfoliated with ionic liquid can overcome both these problems. On the one hand, the ionic liquid helps to make GnP flakes more compatible with the BIIR matrix and on the other hand it takes care of the exfoliation of GnP flakes in the BIIR matrix, generating long and tortuous diffusion paths in the matrix compared with other BIIR-GnP composites. This is why BIIR-5GnP-5IL has a lower GTR value than BIIR-5GnP, and BIIR-5GnP-10IL has a lower GTR value than BIIR-5GnP-5IL. This could be put down to better exfoliation of the GnP flakes with an increasing IL concentration, which therefore produces a longer diffusion path. A GTR value of 6.1 cm 3 /(m 2 ×day) was found for BIIR-5GnP-10IL. In addition, IL could also be present in the voids of the rubber matrix, thus playing a part in reducing the GTR. A further increase in the IL concentration (BIIR-5GnP-15IL) results in a higher GTR value. An excess of IL causes a sudden reduction in the packing density of the polymer chains through an increase in free volume. In BIIR-5GnP-15IL, therefore, a marked increase in the GTR value was observed compared with BIIR-5GnP-10IL, this value being even higher than that in BIIR-5GnP-5IL.
conclusIons
We were able to synthesise BIIR-GnP and BIIR-GnP-IL composites successfully by a melt mixing technique. The elastomer samples were characterised by WAXS and TEM investigations. The WAXS study indicated that stacked GnPs consisting of few layers were present in the BIIRGnP composites. TEM analysis of BIIR-5GnP-10IL showed better exfoliation and dispersion of the GnP flakes in the BIIR matrix compared with BIIR-5GnP. Results of the dynamic-mechanical tests indicate a marked interaction at the interface between the GnPs exfoliated with ionic liquid and the BIIR matrix. Because of the plasticising effect of IL, BIIR-5GnP-5IL displayed an initial decrease in tensile strength together with improved elongation at break compared with unfilled BIIR. However, BIIR-5GnP-10IL had increased tensile strength and elongation at break compared with BIIR-5GnP-5IL, probably thanks to the better exfoliation of GnP flakes in the BIIR-5GnP-10IL composite. The gas barrier properties of BIIR-GnP-IL are better than those of BIIR-GnP, the GTR value being approximately 64.2% lower in BIIR-5GnP-5IL than in unfilled BIIR.
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